The reduction rate of iron ore can be enhanced dramatically when iron ore/carbon composites (IOC) are prepared so as to maximize the interfacial area and to realize intimate contact between iron ore particles and carbon. An idea realizing this concept in practical blast furnace operation was proposed in this paper. Low grade iron ore that contains a large amount of goethite, FeOOH, was chosen as an iron ore, and brown coal derivative was chosen as a thermoplastic carbonaceous material for preparing IOC sample. Goethite, FeOOH, has layered structures combined by hydrogen bonds associated with OH groups. When FeOOH is heated up to 250 to 300°C, the OH groups are removed as H2O, leaving flat pore spaces of 0.8 nm wide between 20 nm thick Fe2O3 layers. The pore spaces are, however, closed over 300°C by the sintering of the Fe2O3 layers. The idea proposed is to insert the thermoplastic carbonaceous material into the pore space of 0.8 nm wide while the pore spaces are opened and to carbonize it to form carbon in the pore space below 500°C. This IOC is expected to realize intimate contact between the Fe2O3 layers and the carbon, and to enhance the reduction rate of the Fe2O3 dramatically. The validity of this idea was verified by preparing IOC samples using reagent grade FeOOH and a thermoplastic resin. Then it was shown that the IOC sample prepared from a low grade iron ore, SF. Robe River, and a thermoplastic extract deriving from a brown coal can realize the idea practically.
Introduction
In a separate paper of this special issue, we have shown that the reduction rate of iron ore can be enhanced dramatically when iron ore/carbon composites (IOC) are prepared so as to maximize the interfacial area and to realize intimate contact between iron ore particles and carbon. 1) To do so, submicron-sized iron ore particles (100 to 300 nm in diameter) and highly thermoplastic carbonaceous materials such as an ion exchange resin are necessary. In practical application, however, grinding iron ore to submicron particles are energy consuming and carbonaceous materials such as ion exchange resin can not be candidates of carbon materials. Therefore, the concept proposed for enhancing the reduction rate in the separate paper can not be directly applied to the actual blast furnace operation. Some new ideas that mimic the proposed concept are necessary for the concept to be realized practically. Iron ores and carbonaceous materials for preparing IOC samples applicable to the actual blast furnace operation must be supplied in large amounts at reasonable prices.
In this paper we have directed our attention to low grade iron ore and brown coal as raw materials that will meet such requirements. A kind of low grade iron ore contains lots of goethite, FeOOH. The chemical structure of α-FeOOH is shown as an example of the structure of goethite in the upper panel of Fig. 1 . α-FeOOH has layered structures combined by hydrogen bonds associated with OH groups. The drawback of the goethite as a raw material for iron-making is a large amount of OH groups contained. They must be removed as water in the iron-making process by the following endothermic reaction: 2) © 2011 ISIJ This reaction takes place at 250 to 300°C, leaving flat pore spaces of 0.8 nm wide between 20 nm thick Fe2O3 layers as shown in the lower panel of Fig. 1 .
2) The pore spaces are, however, closed over 300°C by the sintering of the Fe2O3 layers. The idea of using goethite as a raw material of IOC comes from this pore formation at 250 to 300°C. If some carbonaceous material can be inserted into the pore space of 0.8 nm wide and it is carbonized to form carbon in the pore space below 500°C, intimate contact between the Fe2O3 layers and the carbon can be expected. This will surely be a very effective IOC. To prepare this IOC, the carbonaceous material must be inserted into the pore space before it is closed. In other words, the carbonaceous material must be inserted into the pore space between 250 and 300°C if the IOC is prepared by just mixing goethite and the carbonaceous material. The ion exchange resin used in the separate paper would be such a carbonaceous material, but it cannot be a candidate as stated above. Then we focused on brown coal derivative as the carbonaceous material.
Development of effective dewatering and upgrading methods of brown coal has been desired to utilize brown coal that accounts for one third of world recoverable coal reserve. We have recently presented a novel method to dewater and upgrade brown coal. [3] [4] [5] The method treats brown coal at around 350°C in a non-polar solvent to remove water and decompose oxygen functional groups. The products are filtrated at 350°C to separate them into residue (abbreviated to Residue) and extract. The extract was further separated into two fractions at room temperature: one is soluble (Soluble) and the other is insoluble to the solvent (Deposit). The yields of both Soluble and Deposit were 20 to 30%. Both Soluble and Deposit showed thermoplasticity below 200°C, and produced carbon in high yields when heated to 500°C. These results suggested that both Soluble and Deposit can be inserted into the pore space of goethite between 250 and 300°C and leave carbon in high yields in the space when they are heated to 500°C.
The purposes of this paper are to examine the validity of the above idea by preparing IOC using FeOOH reagents and the ion exchange resin used in the separate paper, and to examine the possibility of preparing IOC that is practically applicable using actual low grade iron ore and brown coal derived extract.
Experimental

Sample Preparation
Two kinds of reagent grade iron hydroxides, α-FeOOH and γ-FeOOH (Sigma-Aldrich Co.), were used as model compounds for goethite. SF. Robe River and PF. Tubarao were used as actual low grade iron ores. The properties of these two iron ores are given in Table 1 . Most of Fe in SF.
Robe River exists as goethite, judging from the LOI (ignition loss) value. On the other hand, the LOI value of PF. Tubaro is very small, indicating little goethite content. The two reagent grade iron hydroxides and the two iron ores were ground to particles less than 75 μ m in diameter for preparing IOC samples.
The ion-exchange resin (Mitsubishi Chemicals Co. Ltd, DIAION WK11; abbreviated to Resin) used in the separate paper was used as a model carbonaceous material. The candidates of actual carbonaceous materials, Soluble and Deposit, were prepared from an Australian brown coal, Loy Yang, by following the procedure descried in our previous works. 4, 5) Table 2 shows the analysis of Loy Yang coal and the analyses and the yields of three fractions obtained from the coal. Soluble and Deposit could be obtained in the yields of 0.267 and 0.111, respectively. Soluble and Deposit have rather sharp molecular weight distributioins having peaks at around 280 and 400 to 600 in molecular weights, respectively. The oxygen contents of the two fractions are much smaller than the oxygen content of the parent coal, and the whole elemental composition of Soluble was so close to that of bituminous coal. It should also be stressed that both Soluble and Deposit contain very little amounts of ash, which will be beneficial as carbon precursors for ironmaking. Figure 2 shows the result of thermomechanical analysis performed to examine thermoplasticity for Soluble and Deposit. Although the parent coal did not show any thermoplasticity, both Soluble and Deposit melted completely below 100°C and 200°C, respectively, indicating high thermoplasticity. The carbon yields of Soluble and Deposit were 0.26 and 0.58, respectively, when they were heated up to 500°C in an inert atmosphere. The differences in thermoplasticity and carbon yield between Soluble and Deposit are judged to come mainly from the difference in molecular weights of the two fractions. IOC samples were prepared by just mixing the above samples by the weight mixing ratios shown in Table 3 . The mixing ratios were adjusted so that the C/Fe mol ratios will be 4.3, which is roughly 3 times excess of carbon from the reduction reaction stoichiometry, when the mixtures were heated up to 500°C.
Reduction Experiments
For the reduction experiment, about 20 mg of the IOC sample was heated at the rate of 10°C/min up to 1 350°C in a helium stream flowing at 150 mL/min using a thermobalance (Shimadzu, TGA-50H). The weight change was continuously measured by the thermobalance, and the product gas formed after 500°C was analyzed for CO, CO2, H2 and H2O using a micro gas chromatograph (GL Science Co. Ltd., Micro GC CP 4900). The fractional reduction rate of 
Characterization of the Products
To directly observe the iron oxidation state of the iron oxide during the reduction experiment of the IOC sample, in situ XRD measurement was performed using an X-ray diffractometer (RIGAKU Co. Ltd., Ultima IV) which can scan at the rate of 10°/min. About 50 mg of IOC sample placed on a sample holder made of Pt was heated at the rate of 10°C/min up to 1 300°C during which XRD profiles were acquired at predetermined temperatures by halting the heating for 5 min at the temperatures. XRD profiles were also measured at room temperature after the experiment by resetting the sample on the sample holder to confirm the final iron oxidation state. TEM observations were also made by a TEM spectrometer (JEOL, JEM-1010) for the iron hydroxides, the iron ores and the IOC samples heated to several pre-determined temperatures and cooled immediately to room temperature. BET surface area measurement was performed for the iron hydroxides and SF. Robe River calcined at different temperatures using a nitrogen adsorption method (BEL JAPAN Inc., BELSORP-mini,) to examine how pore structure develops with the progress of calcination. The TEM images at 300°C and 500°C show that the structure change shown schematically in Fig. 1 also occurs when SF. Robe River is calcined. However, the maximum SBET value was not so large and the /g even at 500°C. Therefore, wider temperature range of 300 to 500°C is acceptable for carbonaceous material to be inserted into the pore space for SF. Robe River.
Reduction Behavior of IOC Samples Prepared from Reagent Grade Iron Hydroxides and Resin
First, reduction experiments examining the above concept were performed using the IOC samples prepared using reagent grade iron hydroxides and Resin. Figure 5 shows the RR profiles estimated by the reduction experiments for α-FeOOH/Resin and γ-FeOOH/Resin. Iron oxides in both α-FeOOH/Resin and γ-FeOOH/Resin were almost completely reduced to Fe below 770°C and 700°C, respectively. The in-situ XRD observation supported the RR profiles. Only the peaks of Fe were detected when these samples were heated up to 750°C. It was also found that FeOOH is converted to Fe3O4 at 500°C. Figure 6 shows the TEM images of α-FeOOH/Resin and γ -FeOOH/Resin heated to 500°C. These images show that the spaces formed between the nano-sized Fe3O4 structures are occupied by carbon, suggesting intimate contact between Fe3O4 and carbon. This is why the reduction of these IOC samples was completed at such low temperatures. These results show the validity of the proposed concept: inserting carbonaceous material into the pore space formed by calcining FeOOH enhances the reduction rate of iron oxide.
Examination of the Availability of SF. Robe River
and Brown Coal Derived Extract for Preparing IOC Next, the availability of SF. Robe River as a practical iron ore for preparing IOC materials realizing the above concept was examined using SF. Robe River/Resin, and the availability of Soluble and/or Deposit as practical carbonaceous materials was examined using α-FeOOH/Soluble and γ -FeOOH/Deposit. Figure 7 shows the RR profiles for SF.
Robe River/Resin, α-FeOOH/Soluble, and γ -FeOOH/ Deposit. Iron oxides in SF. Robe River/Resin were completely reduced to Fe below 830°C. Again the in-situ XRD observation supported the RR profile for SF. Robe River/ Resin. The TEM image of SF. Robe River/Resin heated to 400°C is shown in Panel (a) of Fig. 8 . It is clearly shown that the nano-sized Fe2O3 structures are covered by 2 to 3 nm thick carbon layer, suggesting intimate contact between Fe2O3 and carbon. These results show that SF. Robe River can be used as a practical iron ore for preparing IOC materials realizing the above concept. This suggests that Deposit may be used as an effective carbonaceous material if more care is taken to insert Deposit into the pore space. One of the methods will be to hold the mixture of Deposit and iron hydroxide for extended time at around 350°C where Deposit is well fluid and the calcined iron hydroxide has a maximum surface area. Thus, the availability of SF. Robe River as a practical iron ore and the availability of Soluble as a practical carbonaceous material for preparing IOC materials realizing the above concept were clarified.
Reduction Behavior of IOC Samples Prepared
from SF. Robe River and Soluble Finally, the reduction behavior of SF. Robe River/Soluble was examined. Figure 9 shows the RR profile for SF. Robe River/Soluble. The RR profiles for SF. Robe River/Deposit and PF. Tubarao/Soluble are also shown for comparison purpose. The reduction reaction of iron oxides in SF. Robe River/Soluble started at as low as 450°C, and was completed at 1 000°C. The in-situ XRD observation supported the RR profile for SF. Robe River/Soluble. The TEM image of SF. Robe River/Soluble heated to 500°C is shown in Fig. 10 . It is shown that the pore space between nano-sized Fe3O4 structures is occupied by carbon, suggesting intimate contact between Fe3O4 and carbon. On the other hand, the rates of reduction reactions of iron oxides in both SF. Robe River/ Deposit and PF. Tubarao/Soluble are very slow and are not completed even at 1 200°C. This is because Deposit is not These results show that the proposed concept can be realized practically when we choose both iron ore and carbonaceous material so as to meet the requirements, and the concept was realized by using SF. Robe River and Soluble. Both SF. Robe River and Loy Yang used for preparing Soluble are abundant but low grade resources that must be utilized in this century.
Conclusion
In the separate paper of this special issue the authors showed that the reduction rate of iron ore can be enhanced dramatically when iron ore/carbon composites (IOC) are prepared so as to maximize the interfacial area and to realize intimate contact between iron ore particles and carbon. An idea realizing this concept in practical blast furnace operation was proposed in this paper. The idea proposed was to insert the thermoplastic carbonaceous material into the pore space of 0.8 nm wide formed by calcining FeOOH at 250 to 300°C and to carbonize it to form carbon in the pore space below 500°C. Iron oxides in the IOC samples prepared using reagent grade FeOOH and a thermoplastic resin were found to be completely reduced to Fe at as low as 700 to 770°C, showing the validity of the proposed idea. Then it was shown that iron oxides in the IOC sample prepared from a low grade iron ore, SF. Robe River, and a thermoplastic extract deriving from a brown coal could be completely reduced to Fe at as low as 1 000°C, realizing the proposed idea practically.
